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AbstractHigh-ﬁdelity Computational Fluid Dynamics (CFD) simulations for multi-rotor vehicles have been carriedout. The three-dimensional unsteady Navier-Stokes equations are solved on overset grids employing high-order accurate schemes, dual-time stepping, and a hybrid turbulence model using NASA’s CFD code Over-ﬂow. The vehicles studied consist of small to medium sized drones, and bigger vehicles for future Urban AirMobility (UAM) applications. The performances for different conﬁgurations and rotor mounting are calcu-lated in hover and in forward ﬂight. Understanding the complex ﬂows and the interactions between rotorsand with other elements will help design the future multi-rotor vehicles to be quieter, safer, and moreeﬃcient.
NOMENCLATURE
a Fluid speed of sound
A Rotor disk area, piR2
ctip Rotor blade tip chord length
CQ Torque coeﬃcient, Qρ(ΩR)2RA
CT Thrust coeﬃcient, Tρ(ΩR)2A
d Turbulent length scale
FM Figure of merit, C3/2T√
2CQ
Mtip Blade tip Mach number, ΩRaNB Near-bodyOB Off-body
Q Rotor torque
r Radial position
R Rotor radius
Re Reynolds number, Vtipctipν
T Rotor thrust
V Velocity magnitude
V∞ Flow velocity
y+ Non-dimensional viscous wall spacing
α Angle of attack, AoA
δ Boundary layer thickness
∆ Grid spacing
µ Advance ratio, V∞cos(α)ΩR
ν Fluid kinematic viscosity
ρ Fluid density
Ω Rotor rotational speed
1. INTRODUCTION
Small and medium-sized multi-rotor craft like Un-manned Aerial Vehicles (UAVs) have grown verypopular over the last decade. While originally UAVswere designed for military applications, their usehas rapidly expanded to the civil market. The unique
ability of vertical lift vehicles to hover has great po-tential for human and cargo transportation, deliverysystems, surveillance missions, disaster relief, andeven planetary exploration. Compared to single ro-tor systems, multi-rotor vehicles offer an advantagein lifting capacity because the size of a single rotoris limited by the tip speed and structural mechan-ics. Instead, multiple rotors can be employed withreduced tip Mach number and aeroelastic effects.Accurate prediction of rotorcraft performanceand acoustics continues to be challenging. Theﬂows are inherently unsteady, nonlinear, and com-plex. For instance, a rotor blade can encounterits own tip vortex and the tip vortices of otherblades. It is even more diﬃcult when there areaerodynamic interactions between multiple rotorsand fuselage because of the close proximity of allof these components. High-ﬁdelity ComputationalFluid Dynamics (CFD) methods offer an advantageover low-ﬁdelity tools when investigations of the in-teractional aerodynamics of multi-rotor craft are re-quired.Since unmanned vehicles are sized and opti-mized for particular missions, modern low-ﬁdelityconceptual design and sizing tools that have beenused for the design of large helicopters can also beused for the design of multi-rotor craft. However,there are aerodynamic features of these multi-rotorvehicles that can be diﬃcult to account for withthese low-ﬁdelity tools, unless there is a method tocalibrate the tools. High-ﬁdelity CFD can provide theinformation needed to calibrate low-ﬁdelity designtools to account for aerodynamic interactions.More recently, the concept of Urban Air Mobility(UAM) has been mentioned by both large and smallcompanies asserting that commute times would bedrastically reduced by using UAM vehicles (popu-larly known as “ﬂying cars”). UAM vehicles are en-
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visioned to be autonomous and use electric or hy-brid propulsion, to transport a small number of pas-sengers from one point in a city to another in ashort time, avoiding all ground traﬃc, and to havethe capacity of Vertical Take-Off and Landing (VTOL),eliminating the need for large-scale infrastructuresuch as long runways. Their rechargeable batteriespromise a greener future for aviation. New auton-omy research and air traﬃc management effortsat NASA have the potential to provide the “ﬂyingroads” and manage the traﬃc of UAM vehicles inurban areas.Still, UAM has to ensure safe, quiet, and eﬃcientvehicles in order to be able to ﬂy in our cities. Theobjective of the present work is to demonstrate ahigh-ﬁdelity simulation capability to study the com-plex interactional aerodynamics of multi-rotor ve-hicles for different ﬂight conditions and conﬁgura-tions and to establish the good practice in the de-sign of multi-rotor UAVs and multi-rotor craft forUAM.Three drones, described below, have been stud-ied: the DJI Phantom 3, the SUI Endurance, and theElytron 4S UAV; see Ventura et al. 1,2 and Yoon etal.3,4. NASA’s UAM conceptual design for VTOL airtaxi operations is also shown in this study, see John-son et al.5. The vehicles are simulated using NASA’shigh-order accurate CFD solver, Overﬂow, and theircomplex ﬂowﬁelds and performance in differentconﬁgurations are analyzed and compared. The ge-ometries have been modeled with a extraordinarylevel of detail and accuracy when comparing to thereal vehicles, yielding to state-of-the-art high-ﬁdelityCFD results.
1.1. The DJI Phantom 3
Figure 1: DJI Phantom 3 quadcopter.
The DJI Phantom 3 is an example of a classiccommercial quadcopter design with a symmetricX-shaped airframe, see ﬁgure 1. It can be used tohover above static or slow-moving objects, to record
high quality videos for example. Overset grids havebeen generated for the complete DJI Phantom 3,which consists of the X-shaped airframe, four ro-tors, the landing gear, the camera and the battery.The effect of over- and undermounting the rotorsin hover is calculated with CFD simulations. Resultsfor an octocopter concept are shown. Then, a sim-pliﬁed airframe is compared with the complete air-frame in order to asses the effect of components(landing gear, battery, camera). Finally, the effectsof wind gusts on the quadcopter during hover arepresented.
1.2. The SUI Endurance
Figure 2: SUI Endurance quadcopter.
The SUI Endurance is an example of a forward-ﬂight quadcopter design with an elongatedairplane-like airframe that can be used for missionsin which the UAV will be operating during mostof its ﬂight envelope in forward-ﬂight mode, seeﬁgure 2. Thus, it is designed for faster speedsin forward ﬂight than a regular quadcopter, andit can be used for cargo transportation or videorecording of fast-moving objects. This study focuseson the performances and characteristics of theﬂow in forward ﬂight for the SUI Endurance. Threeconﬁgurations are studied here, in order to seethe effect of over- and undermounted rotors onaerodynamic eﬃciency. The ﬁrst conﬁguration,the SUI standard, is the original conﬁguration forthe SUI Endurance UAV, where the four rotors areovermounted. In the second conﬁguration, the SUIhybrid, the fore rotors are undermounted and theaft rotors are overmounted. The third conﬁgurationis the SUI undermounted, where all rotors areplaced underneath the arms. The performances ofthe three conﬁgurations are compared in forwardﬂight.
1.3. The Elytron 4S UAV
The Elytron 4S UAV — or Elytron for short — is thewind-tunnel-scaled model of the Elytron 4S, a con-cept vehicle for future UAM, see ﬁgure 3 for the
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UAM concept, and ﬁgure 4 for the UAV wind-tunnel-scaled model.
Figure 3: Elytron joined-wing tilt-wing UAM concept.
Figure 4: Elytron 4S UAV in the US Army 7x10 sub-sonic wind tunnel at NASA Ames Research Center.
The Elytron design combines three sets of wings:a single tilt-wing in central position with the prop-rotors mounted on it and two pairs of ﬁxed wings.The ﬁxed wings are split into a forward pair and anaft pair that are joined by winglets, thus making useof the joined wing concept, and by a vertical empen-nage to the fuselage. By splitting the wings apart,the design tries to reduce any interference withthe thrust of the prop-rotors. The counter-rotatingprop-rotors allow for torque cancellation. The tilt-wings can tilt 90 degrees in order to perform VTOLor “helicopter mode”. During forward ﬂight or “air-planemode” the tilt angle is 0 degrees. The nose fanis placed in the front of the vehicle for pitch controland better load distribution during VTOL.
1.4. NASA’s Side-by-Side UAM Concept
Urban air taxi operations, also known as UAM appli-cations, are enabled by VTOL capability. Power andenergy requirements are minimized by using lowdisk-loading rotors, and short range requirementspermit consideration of non-traditional propulsionconcepts.NASA’s side-by-side conceptual design is a six-passenger, 200 nm range helicopter with hybridpropulsion; see ﬁgure 5. The intermeshing side-by-side helicopter increases lifting capability while
Figure 5: NASA’s side-by-side UAM helicopter con-cept.
maintaining similar maximum outer vehicle dimen-sions when compared to a non-intermeshing case.This concept vehicle is intended to focus and guideNASA research activities in support of aircraft devel-opment for emerging aviation markets.
2. NUMERICAL APPROACH
The ﬂow solver used in this study is NASA’s Over-ﬂow6 CFD solver. Overﬂow is a ﬁnite-difference,structured overset grid, high-order accurate Navier-Stokes ﬂow solver. NASA’s Chimera Grid Tools(CGT)7 overset grid generation software is used forgenerating the overset grids of rotors and com-plete vehicles. Body-ﬁtted curvilinear near-body(NB) grids are generated using CGT. The computa-tional domain is completed with the generation ofCartesian off-body (OB) grids that are automaticallygenerated prior to grid assembly using the DomainConnectivity Framework in Overﬂow-D mode. Thecurrent time-accurate approach consists of an iner-tial coordinate system where NB curvilinear O-gridsfor the rotor blades rotate through the ﬁxed OBCartesian grid system.
2.1. Overset Grid Generation
The overset grid generation process using CGT canbe divided into the following steps: geometry pro-cessing, surface grid generation, volume grid gen-eration, and domain connectivity7. The geometry isusually obtained from a CAD model. Overlappinghyperbolic or algebraic surface grids are then gen-erated. The generation of surface grids is the stepthat requires the most manual effort and experi-ence from the user.With suﬃcient overlap between surface grids,the volume grids can be created easily with hy-perbolic marching methods out to a ﬁxed distance
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from the surface. Such methods provide orthogo-nal grids with tight clustering characteristics at thewall, which is essential for accurately capturing theboundary layer in viscous ﬂow computations. Thedistance is chosen such that the outer boundariesof the near-body volume grids are well clear of theboundary layer. The near-body grids are then em-bedded inside off-body Cartesian grids that extendto the far ﬁeld.Surface grid resolution on the rotor blades isclustered in the chordwise direction near the air-foils leading and trailing edges to accurately resolvelarge pressure gradients. The spanwise resolutionis clustered near the root and the tip. There is notan established practice for generating the grids forthe airframes, as each case has its own topology. Ingeneral, clustering near corners and high curvatureregions is good practice. The normal grid spacing atthe wall of all grids maintains y+ < 1.
Figure 6: Off-body grids for Elytron 4S UAV.
Off-body Cartesian grids with uniform spacingsurround the near-body grids to resolve the wakeregion of interest. Coarser Cartesian grids eﬃcientlyexpand the grid system to the far ﬁeld, where eachsuccessive Cartesian grid is twice as coarse as itsprevious neighbor. The far-ﬁeld boundary is 20 ro-tor radii away from the center of the vehicle in alldirections. The resolved wake region has a uniformgrid spacing of 10% of the tip chord length ctip. Fig-ure 6 shows the OB grid system for the Elytron 4SUAV.By using a trimmed approach, the domain con-nectivity step is robust and highly automated: holecutting is required between components and withthe off-body Cartesian grids. In this study, the X-ray hole cutting method is used. An X-ray object iscreated for every component in the geometry (i.e.the blades, the hubs, the fuselage, the landing gear,
etc.). The user has to supply the list of meshes thateach X-ray object is allowed to cut, and an offset dis-tance with which to grow each hole away from thebody. The hole cutting process is performed at eachtime step within the ﬂow solver, allowing for the ro-tation of the blades relative to the ﬁxed airframe.
2.2. High-Order Accurate Navier-Stokes Solver
The Navier-Stokes equations can be solved usingﬁnite differences with a variety of numerical algo-rithms and turbulence models. In this study, thediagonal central difference algorithm is used withthe 4th-order accurate spatial differencing optionwith matrix dissipation or 5th-order accurate spa-tial differencing option with scalar dissipation. Thephysical time step corresponds to 0.25 degree ro-tor rotation, together with up to 50 dual-time sub-iterations for a 2.5 to 3.0 orders of magnitude dropin sub-iteration residual. This numerical approachand time step were previously validated for vari-ous rotor ﬂows8,9. In order to reduce the computa-tion time required for a converged solution, the ﬁrst1440 steps employ a time step equivalent to 2.5°pertime step, yielding 10 rotor revolutions. The timestep is then reduced to the equivalent of 0.25°pertime step, for which 1440 steps correspond to onerotor revolution.
2.3. Low Mach Number Preconditioning
One of the challenges for compressible Navier-Stokes methods in computing small-rotor ﬂows isthe relatively low Mach number due to small rotorradii. For example, in the case of the DJI Phantom,the Mach number at the blade tips, Mtip , is under
0.2 at 5400 RPM. Mach numbers at the inboard lo-cations are even lower.Compressible Navier-Stokes codes in general suf-fer from slow convergence for low speed ﬂows be-cause of a disparity between the acoustic and con-vective speeds. Because most numerical algorithmshave a stability restriction on the size of the timestep determined by the maximum eigenvalue, theacoustic speed limits the time step. On the otherhand, convergence to a steady state is controlledby the convective speed, which determines howfast low-frequency errors are advected out of thecomputational domain. If the convective speed ismuch smaller than the speed of sound, the stabil-ity restriction forces time steps so small that con-vergence requires a large number of iterations. LowMach number preconditioning 10,11 is an attempt toequilibrate the eigenvalues, making them all of thesame order of magnitude and thus decreasing thenumber of iterations to convergence.
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Low Mach number preconditioning is only usedduring the sub-iteration steps at each physical timestep, for vehicles withMtip ≤ 0.2.
2.4. Hybrid Turbulence Modeling
The Overﬂow code has a choice of algebraic, one-equation, and two-equation turbulence models,including hybrid Reynolds-Averaged Navier-Stokes/ Large Eddy Simulation (RANS/LES) models thatclose the RANS equations. In this study, the oneequation Spalart-Allmaras 12 turbulence model isused primarily within the boundary layer.The turbulence length scale, d , is deﬁned as thedistance from a ﬁeld point to the nearest wall.A problem occurs deep within the rotor wake,where d may be several rotor radii in length. Inthis case, d no longer represents an estimate ofthe largest turbulent eddy in the local ﬂow but israther a very large geometric parameter. When dis very large the turbulence dissipation becomesvery small. On the other hand, the strong tip vor-tices in the lower wake can generate signiﬁcant tur-bulence production. Over time, this imbalance inturbulence production and dissipation in the lowerwake can result in excessively large eddy viscosi-ties. These large viscosities can migrate up the vor-tex wake after several rotor revolutions and, un-der blade-vortex interaction conditions, inﬁltratethe blade boundary layers. When this happens, therotor blade drag and torque increase signiﬁcantlyand artiﬁcially, resulting in an under-prediction ofrotor eﬃciency.An additional degree of realism can be obtainedby the use of LES. In LES, the large turbulent scalesare resolved using a small grid spacing ∆, and thesmaller scales are modeled. A low-pass spatial ﬁl-ter, associated with a cut-off length, is applied to theNavier-Stokes equations. Below the cut-off lengththe subgrid-scales must be modeled. However, theuse of LES through the entire computational do-main is impractical for the Reynolds numbers foundin common rotor ﬂows, due to the very small lengthscales of wall-bounded ﬂows.The Detached Eddy Simulation (DES) model 12 isa more practical alternative. The intent of DES is tobe in RANS mode throughout the boundary layer,where the turbulent scales can be very small andneed to be modeled, and in LES mode outside theboundary layer where the largest turbulent scalesare grid-resolved. In this way, DES is a RANS/LEShybrid approach that mitigates the problem of ar-tiﬁcially large eddy viscosity. The turbulence lengthscale d is replaced by d , where d is the minimumof the distance from the wall, d , and the local gridspacing times a coeﬃcient.
The DES approach assumes that the wall-parallelgrid spacing∆‖ exceeds the thickness of the bound-ary layer δ so that the RANS model remains activenear solid surfaces. If the wall-parallel grid spac-ing is smaller than the boundary layer thickness,
∆‖ < δ, then the DES Reynolds stresses can becomeunder-resolved within the boundary layer; this maylead to non-physical results, including grid-inducedseparation. Using Delayed Detached Eddy Simula-tion (DDES) 13, the RANS mode is prolonged andis fully active within the boundary layer. The wall-parallel grid spacing used in this study does notviolate the hybrid-LES validity condition; thus DESand DDES should give similar results. Nevertheless,all computations have been performed using theDDES model for both NB and OB grids.
3. RESULTS
In this section, the results obtained for the four ve-hicles shown in the Introduction are presented: theDJI Phantom 3 in hover, the SUI Endurance in for-ward ﬂight, the Elytron 4S UAV, and the side-by-sideUAM concept.The Overﬂow Navier-Stokes CFD code and theChimera Grid Tools software are used through-out this study. All computations have been carriedout with NASA’s supercomputers Pleiades and Elec-tra located at the NASA Advanced Supercomputing(NAS) facilities at NASA Ames Research Center.Each vehicle will be presented in a similar way:the overset grids that model the geometry are in-troduced ﬁrst, then the CFD results from Overﬂowfor different conﬁgurations will be shown. The ef-fects of the changes in arrangements will be com-pared, extracting conclusions regarding good prac-tice in the design of multi-rotor VTOL vehicles.
3.1. The DJI Phantom 3 in Hover
The quadcopter DJI Phantom 3 is constructed byincorporating the four rotors to the X-shaped air-frame in diagonal-opposed clock-wise (CW) andcounter-clock-wise (CCW) positions for torque can-cellation.
3.1.1. Overset Grids
The geometries for two different airframes andtwo different rotor blades have been modeled. Theoverset grids are generated using CGT following theprocedure summarized in section 2.1. For a morecomplete guide on how to generate high-qualityoverset grids and the good practices, see Chan etal.7. The conﬁgurations for the DJI are:
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• Floureon’s carbon ﬁber (CF) replica rotorblades; see ﬁgure 7 top.
• Original DJI Phantom 3 injection-molded ﬂexi-ble rotor blades; see ﬁgure 7 bottom.
• Simpliﬁed DJI Phantom 3 airframe; see ﬁgure8. It consists of the CF replica rotors and theX-shaped main body.
• Complete DJI Phantom 3 airframe; see ﬁgure 9.It includes the original rotors, X-shaped mainbody, landing gear, camera and battery.
Figure 7: Overset surface grids for Floureon’s CFreplica blades (top) and the original Phantom 3blades (bottom).
Figure 8: Overset surface grids for the simpliﬁed DJIPhantom.
Figure 9: Overset surface grids for the complete DJIPhantom 3.
The simpliﬁed airframe has been modeled usinghigh-order polynomials and CAD software. Collargrids are used at the junctions, and cap grids coversingular axis.Both the CF and original rotor blades and thecomplete airframe were obtained at NASA Ames us-ing high resolution laser scan techniques. The ro-tor blades are deﬁned by airfoil proﬁles at differ-ent radii from the point cloud. The proﬁles are con-nected and smoothed, obtaining the whole blade.Each rotor system consists of two blades attachedto a central hub. O-grids are used for the blades.Cap grids are needed at the blade tips and the axisof the hub. At the junction with the hub, collar gridsare used.
(a) Chord distribution.
(b) Twist distribution.
Figure 10: Comparison of DJI Phantom 3 factoryplastic and CF blades, normalized by the rotor ra-dius R.
Comparisons between the chord and the twistdistribution of the two rotor blades are shown inﬁgure 10. Chord length is normalized by the ro-tor radius. At outboard radial stations where mostthrust is generated, the difference in twist is approx-imately 4 degrees. For comparison of the CF replica
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blades with the original blades, the pitch angle forthe CF blades is increased by 4 degrees.The NB volume grids for the complete airframeconsist of 202 overset grids, with 29 million gridpoints. The complete grid system of NB and OBgrids has 396million grid points.The NB volume grids for the simpliﬁed airframeconsist of 86 overset grids, with a total of NB andOB 387million grid points.
3.1.2. DJI Isolated Rotors
The rotational speed in hover for the DJI Phantom3 was measured in ﬂight test and it is equal to
Ωhover = 5400 RPM.
(a) CF replica blades.
(b) Original blades.
Figure 11: Comparison of the velocity magnitude forthe DJI Phantom CF replica blades (a) and the fac-tory plastic blades (b), pressure shown at the sur-face of the blades.
In previous studies with the CF replica blade3, agap was created between the blade and the hub in
(a) CF replica blades.
(b) Original blades.
Figure 12: Comparison of the vorticity magnitude forthe DJI Phantom CF replica blades (a) and the fac-tory plastic blades (b), pressure shown at the sur-face of the blades.
order to study the effect of the collective pitch angleon small drone blades, and it was shown that thepeak on the ﬁgure of merit was obtained for a pitchangle of 8 degrees. However, for comparison of theCF blades with the original blades, the pitch angle isﬁxed to 4 degrees for all simulations, as mentionedin the previous section. Wind tunnel tests at NASAAmes revealed that the original blades yield higherperformance and eﬃciency than the rigid CF rotorblades 14.With Overﬂow, simulations are run for the equiv-alent of 21 rotor revolutions, reaching convergenceof 3.0 orders of magnitude drop in sub-iterationresidual, for a quasi-periodic solution. First, the CFreplica and original isolated rotors are compared.Figure 11 compares the instantaneous velocity mag-nitude for the converged solution of the two rotors.The velocity is higher for the original rotors: it is
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an indication that they are more eﬃcient. Figure 12shows the vorticity magnitude. For Ωhover , the tipMach number isMtip = 0.2, and the Reynolds num-ber is Re = 37300.Table 1 shows the thrust coeﬃcient CT , thetorque coeﬃcientCQ, and the ﬁgure of merit FM forthe isolated rotors. The original rotors generate 25%more thrust, and are 6% more eﬃcient for same Ω.The CT and CQ are calculated as the mean value oftheir instantaneous values over the last three revo-lutions.
CF replica blades Original blades
CT 0.0129 0.0162
CQ 0.0019 0.0025FM 0.552 0.585
Table 1: DJI Phantom isolated rotor performances.
Figure 13: Comparison with experimental data forthe DJI Phantom CF rotors for various RPMs
Computational results agree remarkably wellwith experiments. Figure 13 shows the thrust coeﬃ-cient for the CF isolated rotor for differentΩ. Exper-imental data was obtained from Zawodny et al. 15.
3.1.3. Effect of Rotor Mounting in Hover
In this section, the simpliﬁed airframe is simulatedwith the CF replica blades* for three rotor-mountingoptions:
• Overmount, the conventional conﬁguration.
• Undermount, the rotors are placed on the un-derside of the fuselage arms instead of above.The separation between the rotors and thearms below is the same than with the over-mount rotors.
*The CF replica rotors were used for this study becausewhen the simulations were run only these rotors were avail-able.
• Off-body undermount. The rotors are at a dis-tance of 0.25R below the hub.
A more detailed study can be found in previouswork by the authors3. Here the most impactful re-sults are summarized.Figure 14 shows a comparison of velocity mag-nitude. Of the three conﬁgurations, the overmountconﬁguration exhibits the highest speed downwashfrom the inboard rotor blades, whereas the off-body undermount conﬁguration exhibits the low-est. Figure 15 shows pressure on a vertical planethrough the center of the vehicle. While the highpressure below the overmount rotors pushes downthe fuselage, the low pressure above the under-mount rotors pulls down the fuselage by almost thesame force as the overmount conﬁguration. Com-pared to the undermount conﬁguration, the fuse-lage of the off-body undermount conﬁguration ex-periences much less download. However, withoutsigniﬁcant interference from the fuselage, the fourrotors experience strong interactions among them-selves.Pressure ﬂuctuations on the surface of thevehicle and near it can be observed for theovermount and undermount conﬁgurations, beingmuch stronger in the undermount case. For the off-body undermount these ﬂuctuations are weak.Table 2 shows that the undermount conﬁgurationgenerates 1% less total thrust than the overmount,and the off-body undermount conﬁguration gener-ates 2% less than the undermount conﬁguration.The thrust only from rotors for the off-body under-mount is 6% less than the undermount and 7% lessthan the overmount.
3.1.4. The Octorotor
In order to study the effect of coaxial rotors on theperformance of a quadcopter, the conﬁguration hasbeen modiﬁed by the addition of four rotors be-neath the fuselage. The resulting vehicle conﬁgu-ration employs eight rotors and the simpliﬁed air-frame. The lower rotors rotate in opposite directionthan the upper rotors, that is the rotors are counter-rotating, common practice in coaxial helicopters fortorque cancellation. The total number of NB and OBgrid points for the vehicle system is 250million.Figures 14 (d) and 15 (d) show the velocity mag-nitude and the pressure for the torque-balancedoctorotor4. Note stronger pressure ﬂuctuations onthe surface of the vehicle and nearby, than in thequadcopter conﬁgurations seen in the previous sec-tion.Rotor positions are in phase. Mounting rotorsboth above and below arms can increase the thrust
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(a) Overmount.
(b) Undermount.
(c) Off-body undermount.
(d) Octorotor.
Figure 14: Velocity magnitude for overmount (a), un-dermount (b), off-body undermount (c), and octoro-tor (d). Pressure shown at the surface.
(a) Overmount.
(b) Undermount.
(c) Off-body undermount.
(d) Octorotor.
Figure 15: Pressure for overmount (a), undermount(b), off-body undermount (c), and octorotor (d).Pressure shown at the surface.
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signiﬁcantly, but by losing up to 41% eﬃciency†.Yoon et al.4 showed that the torque-balanced vehi-cle generates 82%more thrust than the quadcopter,see table 2.
CT,rot CT,f us CT,totOvermount 1.025 -0.076 0.949Undermount 1.016 -0.080 0.936OB Undermount 0.954 -0.038 0.916Octorotor Coaxial 1.883 -0.154 1.729Overmount orig blade 1.263 -0.085 1.178Complete orig blade 1.268 -0.100 1.168
Table 2: Rotor thrust CT,rot , fuselage download
CT,f us , and total thrust CT,tot , for various quadro-tor conﬁgurations (Forces have been normalized by
4x the CF isolated single rotor thrust).
3.1.5. Effects of Adding Components
In order to simulate the real conﬁguration and theeffects of additional components, the battery, thelanding gear, and a camera, are included in themodel of the DJI Phantom 3, see ﬁgure 9. Figure 16shows the velocity contours. The complete conﬁg-uration exhibits higher velocities in the rotor wake.This is in agreement with the results from isolatedrotors: the complete conﬁguration has the originalrotors that perform better than the CF replica ro-tors.
Figure 16: Velocity for complete DJI Phantom 3 withoriginal rotors. Pressure shown at the body surface.
The components block the rotor-rotor interac-tions underneath the fuselage, increasing the rotorthrust, see table 2. However some of these com-ponents are in the rotor wake, and thus they arebeing pushed down, increasing the fuselage down-load. Overall, the complete vehicle generates 23%
†The interference-induced power in coaxial rotors is √2,which is a 41% increase in induced power relative to the powerrequired to operate the two rotors in complete isolation.
more thrust. When comparing the simpliﬁed air-frame with the complete airframe both using thesame rotors (the original rotors), the complete vehi-cle generates 1% less thrust. The effect of the com-ponents is negative even if the interactions are de-creased, because the download is increased more,see Ventura et al. 1 for the full study.
3.1.6. Effect of Wind Gusts
Small quadcopters, and UAVs in general, have poorstability in wind gusts due to the generation of astrong pitching moment when a sudden wind im-pacts the vehicle.Figure 17 shows the Q-criterion and the pressureon the surfaces for two different wind gust veloci-ties Vwind and two incoming angles. When the gustimpacts the vehicle, there is a dissymmetry in theﬂow around the rotors as the rotors see differentvelocities. This causes an imbalance in the thrustgenerated, producing a pitchingmoment. Figures 18(a) and (b) show the thrust produced by each rotoras a function of the wind velocity, for two incom-ing angles: through a rotor and from the side. Thepitching moment cx and rolling moment cy are cal-culated around the center of gravity. The moment isgreater for increasing Vwind , as shown in ﬁgures 18(c) and (d).
3.2. The SUI Endurance in Forward Flight
The second vehicle presented in this work is theSUI Endurance. The SUI quadcopter’s original ge-ometry has been slightly modiﬁed for the aerody-namic simulations, by removing, for example, theinterior parts or the small pieces used to fold thearms, which do not change the main ﬂow. The aero-dynamic SUI conﬁguration consists of the fuselage,four rotors, four arms, four motors, camera mount-ing, and landing gear. Again, the rotors are addedso that there are two diagonally opposed rotors thatrotate CW and the other two diagonally opposed ro-tors rotate CCW. The rest of the vehicle (fuselage,four arms, four motors, and landing gear) has beenrepresented using a CAD model of the SUI quad-copter, provided by SUI to NASA Ames.
3.2.1. Overset Grids
The quadcopter is constructed by adding to thefuselage two fore arms and two aft arms, eacharm supporting at its end the motor and the ro-tor blades. The fore and aft arms form an angleof 60 and 30 degrees with the fuselage longitudi-nal axis, respectively. The left fore blades, left aft
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(a) Vwind = 10 kts , β = 0°.
(b) Vwind = 20 kts , β = 0°.
(c) Vwind = 10 kts , β = 45°.
(d) Vwind = 20 kts , β = 45°.
Figure 17: DJI Phantom 3 quadcopter under theeffect of wind gusts, for an incoming wind gustthrough a rotor, β = 0°, and from the side, β = 45°.
(a) CT of each rotor, β = 0°.
(b) CT of each rotor, β = 45°.
(c) Moments of each rotor, β = 0°.
(d) Moments of each rotor, β = 45°.
Figure 18: Thrust coeﬃcient and moment coeﬃ-cients of each rotor under the effect of wind gusts,for an incoming wind gust through a rotor, β = 0°,and from the side, β = 45°. Forces are normalizedby the DJI Phantom 3 original isolated single rotorthrust. Moments are normalized by the thrust timesthe length of the arm of the airframe.
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Figure 19: SUI Endurance overset surface grids topview, with the components.
blades, right aft blades, and right fore blades (pi-lot view) rotate CW, CCW, CW and CCW, respectively.The landing gear is also added to the fuselage.There are 41million NB grid points with 176 grids,and 541 million NB and OB grid points. Figure 19shows the top view of the surface grids of the SUIquadcopter, with the names of the components.
Figure 20: T-Motor P15x5 CF blades for the SUI En-durance. The top image shows a picture, the bottomimage shows overset surface grids top view.
The rotor blades mounted on the SUI Enduranceare the original T-Motor P15x5 CF blades; see ﬁg-ure 20. The geometry information was obtainedby using high-resolution laser scanning conductedat NASA Ames. Airfoil proﬁles at different radiiwere generated from the point cloud, and the pro-ﬁles were connected and smoothed, obtaining thewhole blade. At the center, the blades were joinedtogether without a hub. O-grids are used for theblades, and cap grids are generated for the bladetips.In order to study the effect of rotor mounting in
(a) Standard SUI.
(b) Hybrid SUI.
(c) Undermount SUI.
Figure 21: Overset surface grids for different rotormountings in the SUI Endurance.
forward ﬂight, three conﬁgurations of the SUI En-durance geometry have been modeled:
• Standard SUI, the conventional SUI En-durance conﬁguration with the four rotorsovermounted; see ﬁgure 21 (a).
• Hybrid SUI, the fore rotors are undermountedand the aft rotors remain overmounted,; seeﬁgure 21 (b).
• Undermount SUI, all rotors are undermounted;see ﬁgure 21 (c).
3.2.2. SUI Isolated Rotors
First, the SUI isolated rotor is simulated in hover.The rotational speed in hover is measured duringtests and is equal to Ωhover = 3600 RPM.Figure 22 shows the Q-criterion vorticity iso-surfaces and the vorticity contours for the isolated
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SUI rotor in hover. For Ωhover , the tip Mach num-ber is Mtip = 0.2 and the Reynolds number is
Re = 67500.
(a) Top view.
(b) Front view.
Figure 22: SUI isolated rotor in hover. Figure (a)shows the top view of the Q-criterion iso-surfacecolored by the vorticity. Figure (b) shows the vortic-ity magnitude, with pressure shown at the surfaceof the blades.
Table 3 shows the thrust coeﬃcient, the torquecoeﬃcient, and the ﬁgure of merit obtained withOverﬂow for the SUI rotor. The coeﬃcients are cal-culated as the mean value of their instantaneousvalues over the last three revolutions.
SUI CF original blades
CT 0.0092
CQ 0.0013FM 0.474
Table 3: SUI Endurance isolated rotor perfor-mances.
Excellent agreement is found with experimentalresults, as seen in ﬁgure 23. This ﬁgure shows CTas a function of Ω. Experimental data was obtainedfrom Zawodny et al. 15.
Figure 23: Comparison with experimental data forthe SUI Endurance T-Motor rotors for various RPMs.
3.2.3. Effect of Rotor Mounting in ForwardFlight
The SUI endurance design is improved for forwardﬂight. The airplane-like fuselage and the canardshave low drag and contribute to the lift in for-ward ﬂight, even for small negative angles of attack.Quadcopters, like helicopters, need to have a nega-tive angle of attack α < 0 in order to generate for-ward force. With a negative α the rotor disk planeis leaning with a horizontal component generatinga forward force to overcome the drag and a verticalcomponent contributing to the lift in order to bal-ance the weight.The forward ﬂight conditions simulated matchthe conditions of the ﬂight tests conducted. Theﬂow velocity is V∞ = 10 m/s , α = −7.7°. Trim con-ditions were measured for the SUI standard vehi-cle. Fore and aft rotors rotate at different rotationalspeeds for the quasi-steady forward ﬂight condi-tion,Ωf ore = 3510 RPM andΩaf t = 4410 RPM. Theadvance ratio based on the fore rotors isµ = 0.142.Figure 24 shows the results for the SUI quad-copter in forward ﬂight. Rotor-rotor interactions arestrong as the wakes of the fore rotors merge intothose of the aft rotors. Supertip vortices from bothfore and aft rotors are visible. The inboard super-tip vortices from the fore rotors interact with thefuselage and then are fed into the advancing sideof the aft rotors near the juncture of the fuselageand the aft canards. There are some blade-vortexinteractions in the fore rotors. The aft rotors gener-ate approximately 30% higher thrust than the forerotors. Figure 25 (a) shows the velocity magnitudecontours for the standard SUI vehicle.
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(a) Top view.
(b) Oblique view.
Figure 24: SUI quadcopter in forward ﬂight. Figure(a) shows the top view of the Q-criterion iso-surfacecolored by the vorticity. Figure (b) shows an obliqueview of the Q-criterion iso-surface colored by thevorticity.
With the idea of increasing the thrust of the aftrotors, the authors decided to undermount the forerotors and keep the aft rotors overmounted, to ob-tain what it has been called a hybrid conﬁguration.With this new arrangement, the aft rotors are nolonger immersed in the wake of the fore rotors; seeﬁgure 25 (b). As a consequence, the thrust from theaft rotors increases substantially. The fore rotorsthrust decreases slightly as a result of undermount-ing them, as observed in the DJI sections. However,the increase in aft-rotor thrust is much more impor-tant than the decrease in the fore-rotor thrust‡. Wecan conclude that the hybrid SUI is more eﬃcient
‡New trim conditions would need to be found for the mod-iﬁed conﬁgurations. Because the thrust of the rotors changes,the rotational speed should be adjusted accordingly in order tokeep the same quasi-steady forward ﬂight condition. Still, theaft rotors are more eﬃcient because they are no longer in thewake of the fore rotors.
aerodynamically than the standard conﬁguration.Finally, one last SUI vehicle has been simulated,the undermount SUI, see ﬁgure 25 (c). The down-load from the arms is important for overmountedrotors, and the objective of the undermount SUI isto reduce this effect.
(a) Standard SUI.
(b) Hybrid SUI.
(c) Undermount SUI.
Figure 25: SUI quadcopter in forward ﬂight. Figure(a) shows the standard SUI, (b) shows the hybridSUI, and (c) shows the undermount SUI. Note theinteractions rotor-rotor for the standard and under-mount conﬁgurations. Pressure shown at the sur-face.
Tables 4 and 5 show the performance of eachcomponent. The thrust/lift coeﬃcient is decom-posed into its horizontal part, cx , and its verticalpart cy , for each component of the vehicle, as itcan be seen in ﬁgure 26. Note that the factor divid-ing the forces is the same as with the thrust coef-ﬁcient: ρ(Ωf oreR)2A, without the “1/2” as in com-mon use in lift and drag coeﬃcients. The ﬁnal valuesdisplayed have been normalized by 4x the thrust ofthe isolated rotor in hover.First, when comparing the horizontal forces cx ,where negative values indicate drag, one can ob-
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Figure 26: Hybrid SUI quadcopter in forward ﬂight.Schematic of the force coeﬃcients acting on thequadcopter, cx and cy .
serve the increase in performance of the fore ro-tors in the hybrid case. Interactions with the aft ro-tors are minimal, and it seems that undermountingthe rotors is beneﬁcial in the SUI conﬁguration, asthe aft rotors undermounted are slightly better thanin the standard case. The drag of the fuselage andlanding gear is similar in all cases, smoothly increas-ing from the standard case to the undermount case.In the case of the canards, this effect is more notice-able. The standard SUI canards contribute positivelyto the forward force, but when the rotors are under-mounted canards switch sign and contribute to thedrag. One of themain actors in horizontal forces arethe arms. Placing the rotors underneath decreasesthe drag of the arms substantially. Adding all com-ponents makes the hybrid the best conﬁgurationfor forward ﬂight, with an improvement of 63% in
cx .
cx Standard Hybrid UndermountFore rotors 0.053 0.056 0.055Aft rotors 0.075 0.079 0.080Fuselage -0.003 -0.004 -0.005Landing gear -0.015 -0.019 -0.020Canards 0.003 -0.002 -0.008Arms -0.091 -0.075 -0.070TOTAL 0.022 0.036 0.033
Table 4: SUI Endurance quadcopter horizontal forcecoeﬃcient cx in forward ﬂight. Comparison of thehorizontal forces acting on each component. Forces
Fx,i have been normalized by ρ(Ωf oreR)2A andthen by 4x the thrust of the isolated SUI rotor inhover.
In the case of the vertical forces cy , the fore rotorsare better when they are overmounted, as seen inthe DJI cases. The aft rotors perform the best in thehybrid case, thanks to the reduction of interactionswith the fore rotors. The fuselage generates somevertical force, contributing the most in the standard
cy Standard Hybrid UndermountFore rotors 0.633 0.631 0.629Aft rotors 0.836 0.885 0.828Fuselage 0.042 0.022 0.015Landing gear 0.002 0.002 0.002Canards 0.051 0.014 0.011Arms -0.046 -0.049 -0.027TOTAL 1.517 1.504 1.436
Table 5: SUI Endurance quadcopter vertical forcecoeﬃcient cy in forward ﬂight. Comparison of thehorizontal forces acting on each component. Forces
Fy,i have been normalized by ρ(Ωf oreR)2A andthen by 4x the thrust of the isolated SUI rotor inhover.
case, probably due to the low pressure regions be-low the rotors near the fuselage. This effect is low-ered when the rotors are undermounted. The effectof the landing gear is not very important. The ca-nards provide signiﬁcant vertical force in the stan-dard conﬁguration. Again as with the fuselage, theircontribution to vertical force is diminishedwhen therotors are placed underneath the arms. Downloadfrom the arms is similar between the standard andthe hybrid cases. Fully undermounting the rotorsreduces the download force. In total, the standardcase has the highest lift but very close to the hybridSUI, with just a difference of 1%.Overall, the performance of the hybrid SUI isbetter than the two other conﬁgurations. A hybridquadcopter is more eﬃcient aerodynamically in for-ward ﬂight than a fully overmount or undermountquadcopter.
3.3. The Eytron 4S UAV
The Elytron 4S UAV has a joined wing: the forwardand aft wings are joined together by winglets, form-ing a “box-wing”. Theoretically, the joined wing ofthe Elytron should decrease the induced drag. A fullstudy of the Elytron 4S UAV can be found in previouswork2, where some conﬁgurations and ﬂight condi-tions do indeed reduce the wing-tip vortices.The components of the Elytron 4S UAV are shownin ﬁgure 27. It is a complicated conﬁguration withthree sets of wings, propellers, and a nose fan. Thegeometry modeling and aerodynamics of the vehi-cle are explained in the next sections.
3.3.1. Overset Grids
The geometries for the Elytron 4S UAV, the prop-rotors, and the nose fan have been provided byElytron Aircraft LLC to NASA Ames as a STL CAD tri-
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Figure 27: Elytron 4S UAV components.
angulation. They can be imported directly into CGT,and then the overset grids are generated.The Elytron prop-rotor grid system consists ofthree blades attached to a central hub. O-grids areused for the blades. Cap grids are generated for theblade tips and the hub ends. At the blade-hub junc-tions, collar grids are employed. Figure 28 shows thepropeller overset surface grids.
Figure 28: Elytron 4S UAV propeller overset surfacegrids.
The nose fan grids consist of six blades attachedto a hub. O-grids are used for the blades. Capgrids are generated for the blade tips and the hubends. In the blade-hub junctions, collar grids areemployed. Figure 29 shows the surface grids for thenose fan and hole.At the wing-fuselage junction, wing-winglet junc-tions, and wing-vertical empennage junction, collargrids are employed. O-grids have been used for allwings with high clustering around the trailing edgein order to solve the wakes and high clustering atthe leading edge to accurately represent the curva-ture changes. Figure 30 shows the overset surfacegrids of the complete vehicle.There are 147 NB grids with a total of 361 millionNB and OB grid points.
(a) Top view. (b) Side view.
Figure 29: Elytron 4S UAV nose fan overset surfacegrids. Figure (a) shows a top view; ﬁgure (b) showsa side view. The fan is placed inside a hole near thenose, for pitch control during take-off and landing.
Figure 30: Elytron 4S UAV complete vehicle oversetsurface grids.
3.3.2. Aerodynamic Analysis of the Elytron
The Elytron 4S UAV has been simulated in forwardﬂight, with the tilt-wing in “airplane mode” (tilt an-gle 0°), and in VTOL out of ground effect, with thetilt-wing in “helicopter mode” (tilt angle 90°). Table6 shows the different ﬂight conditions tested in thewind tunnel.In this study, we are showing the CFD results us-ing Overﬂow for the following ﬂight conditions:
• Forward ﬂight, with a freestream velocity V∞ =
67 f t/s , a static fan NFAN = 0 RPM, formedium and high propeller rotational veloc-ities NPROP = 6500 RPM and NPROP =
7200 rpm, and for angles of attack of AoA= 0°and AoA= 10°.
• Vertical Take-Off and Landing (VTOL) out ofground effect, with a propeller rotational veloc-
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Flight mode Forward ﬂight VTOL
NFAN [RPM] 0 37000
NPROP [RPM] 5800, 6500, 7200 9000AoA [°] 0, 2.5, 5, 7.5, 10 0
V∞ [f t/s] 67 0Tilt angle [°] 0 90
Table 6: Elytron 4S UAV ﬂight conditions tested inwind tunnel.
ity of NPROP = 9000 RPM and a fan rotationalvelocity of NFAN = 37000 RPM.
The design of the box-wing reduces the induceddrag and enhances structural stiffness. The effectof having joined wings with oversized winglets de-creases the wingtip vortices and creates a larger ef-fective aspect ratio, reducing the drag. With the tilt-wing concept, there is no retreating blade problemas in helicopter rotor blades in forward ﬂight. Thisallows the vehicle to ﬂy faster as the rotor blade willnot suffer from dynamic stall.
Forward Flight
In forward ﬂight, the nose fan is static. Figure 31shows the Q-criterion vorticity iso-surfaces and thepressure at the surface for ﬂight conditions V∞ =
67 f t/s , NPROP = 6500 rpm and NFAN = 0 rpm,with an AoA of α = 0° in (a) and α = 10° in (b).The complicated conﬁguration of the Elytron witha joined wing, empennage, and tilt-wing with itsmultiple junctures, is the source of many vortices:
• Wingtip vortices at the junction of the wingletwith the aft wing.
• Wingtip vortices at the junction of the wingletwith the forward wing.
• Wingtip vortices at the tip of the tilt-wing.
• Vortices at the junction of the tilt-wing with thefuselage.
• Vortices at the junction of the empennage withthe aft wing.
• Horseshoe vortices at the junction of the for-ward wing, the tilt-wing, and the empennagewith the fuselage.
A wingtip vortex is generated at the tip of thewing due to the difference in pressure between thelower surface (pressure side) and the upper surface(suction side). Air ﬂows from below the wing andout around the tip to the upper surface of the wingin a circular fashion, producing the wingtip vortex.
(a) α = 0°.
(b) α = 10°.
Figure 31: Q-criterion vorticity iso-surfaces and bodysurface pressure in forward ﬂight at V∞ = 67 f t/s ,
NPROP = 7200 RPM and NFAN = 0 RPM, α = 0°in (a), and α = 10° in (b) for the Elytron 4S UAV,oblique view.
In fact, according to lifting-line theory, vorticity istrailed at any point on the wing where the lift variesspan-wise; it eventually rolls up into large vorticesnear the wingtip, at the edge of ﬂap devices, or atother abrupt changes in wing planform. That is, avortex is generated whenever there is a change inlift span-wise. Wingtip vortices at the aft and for-ward wings are due to the change in lift close to thetip. The strength of the vortex at the tip of the tilt-wing is relatively weak and is not visible in the ﬁg-ures.The vortices at the juncture of the tilt-wing withthe fuselage are possibly caused by the horseshoevortices of the junction and the small gap betweenthe two wing sections. This small gap between thetwo sections of the tilt-wing is necessary in order torotate the tilt-wing to transition from VTOL to for-ward ﬂight and vice versa.A vortex generated at the tip of the blade of a pro-peller is called the bladetip vortex. This vortex caninteract with the next incoming blade, producingwhat is called Blade-Vortex Interaction (BVI). Thatis, BVI occurs when a rotor blade passes close tothe shed tip vortices from a previous blade. Thiscauses a rapid, impulsive change in the loading on
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(a) α = 0°.
(b) α = 10°.
Figure 32: Mach number in forward ﬂight atM∞ =
0.06 of the Elytron 4S UAV, side view.
the blade, resulting in the generation of highly di-rectional impulsive loading noise.For the Elytron in forward ﬂight with the tilt-wingin airplane mode, there are no retreating bladeproblems§. The bladetip vortices interact with thetilt-wing and go downstream. BVI is not very impor-tant, as the vortices are carried downstream by thefreestream velocity and do not interact with the fol-lowing blade.The wingtip vortices are relatively weak for AoA=
0°, thanks to the joined wing design. However, thewingtip vortices are more important for an AoA=
10°. The wingtip vortices at the junctions of the aftwing-winglets are relatively stronger than those atthe junctions of the forward wing-winglets.Figure 32 shows the Mach number M on a sliceat y = 0, where the surface of the Elytron has beenhidden in order to visualize clearly the interior ofthe hole, for AoA= 0° and AoA= 10°.At an AoA= 0° the air ﬂow inside the hole is par-tially blocked thanks to the static fan, but there issome vortex shedding underneath the fuselage, asseen in Figures 31 (a) and 32 (a).For an angle of attack of AoA= 10°, the ﬂow
§Retreating blade stall is a hazardous and damaging ﬂightcondition in helicopters, where the rotor blade on the retreat-ing side of the rotor disc in forward ﬂight, and therefore withthe smaller resultant relative wind, exceeds the critical angle ofattack. Retreating blade stall is one of the primary limiting fac-tors in a helicopter’s airspeed and the reason even the fastesthelicopters can only ﬂy slightly faster than 200 knots.
inside the hole is almost totally blocked, as seenin Figure 32 (b) by the low velocity region abovethe fan. However, inside the hole, below the fan,the ﬂow is contained but ﬂuctuating, generating thepropagation of pressure waves. The ﬂuctuations arestronger than for AoA= 0°. In addition, as ﬂowthrough the hole is almost totally blocked by thestatic fan, ﬂow is spilled out of it above the fuselage,producing vortices, as seen in ﬁgure 31 (b).
Vertical Take-Off and Landing
(a) Oblique view.
(b) Top view.
Figure 33: Q-criterion vorticity iso-surfaces andbody surface pressure in VTOL out of ground effectwith NPROP = 9000 RPM and NFAN = 37000 RPMfor the Elytron 4S UAV. The tilt-wings are tilted 90°so the thrust from the propellers is vertical.
Figure 33 shows the rotor wakes and the instanta-neous surface pressure on the body for the Elytron4S UAV in VTOL out of ground effect. The conditionssimulated have the propellers and fan rotating atmaximum rotational velocity, NPROP = 9000 RPMand NFAN = 37000 RPM. During take-off and land-ing, the tilt-wing is tilted 90° for VTOL.With the wing in helicopter mode and nofreestream velocity, there is BVI. The vortices shedfrom the previous blade pass very close to the nextblade. This causes a rapid change in the loading of
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(a) y = 0 slice.
(b) x = constant slice.
Figure 34: Mach number in VTOL out of ground ef-fect atM∞ = 0.06 of the Elytron 4S UAV.
the blade, producing noise. Also, the vortices inter-act further downstream with the tilt-wing, which isimmersed in their wake, creating another source ofnoise. The cabin must be very well sound-insulatedin order to be able to carry passengers.The nose fan high rotational velocity produceshigh frequency pressure ﬂuctuations, as seen in Fig-ure 33. In this ﬁgure one can also clearly see thevortex wakes from the nose fan and the propellers.Figure 34 shows the Mach number contours at
y = 0 and at x = constant slices.
3.4. NASA’s Side-by-Side UAM Helicopter
New concept vehicles are intended to focus andguide NASA research activities in support of aircraftdevelopment for emerging markets, in particularVTOL air taxi operations5.Figure 35 shows NASA’s conceptual designs forUAM, (a) shows a single passenger quadcopter,(b) shows a six passenger side-by-side helicopter,and (c) shows a ﬁfteen passenger tilt-wing heli-copter. Many other designs are being explored withMultidisciplinary Design, Analysis, and Optimization(MDAO) techniques 16, as shown in ﬁgure 36.The side-by-side conceptual design is being stud-ied using high-ﬁdelity CFD. Low-ﬁdelity simulationtools have shown an improvement in the eﬃciencyof cruise ﬂight for a rotor overlap of 15% 16.
(a) Quadrotor concept.
(b) Side-by-side concept.
(c) Tilt-wing concept.
Figure 35: NASA’s UAM conceptual designs.
Figure 36: NASA’s UAM conceptual designs.
3.4.1. Overset Grids
The fuselage geometry has been developed usingMDAO. The blade planform and twist, sweep anddroop of the tip are optimized using comprehensiveanalysis.Figure 37 shows the rotors overset surface gridsfor the side-by-side helicopter. There are two over-lapping rotors with four blades each.The complete vehicle is shown in ﬁgure 38. Thereare 131 NB grids with 75 million NB grid points and431million NB and OB grid points.
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Figure 37: Overset surface grids for the side-by-siderotors.
Figure 38: Overset surface grids for the side-by-sidevehicle with rotors.
3.4.2. Overlapping Intermeshing Rotors inHover
The rotational speed in hover for the side-by-sidehelicopter is Ωhover = 444 RPM. The Reynoldsnumber is Re = 1476600, and the Mach numberat the tip is Mtip = 0.49. Some preliminary resultsare shown here for the two overlapping rotors. Thecomplete study is work in progress.Some interesting results have already been ob-tained, see ﬁgure 39. As expected, two overlappingrotors lose eﬃciency in hover, due to interferencein the overlapping region. Figure 39 shows the ve-locity magnitude; note the higher downwash wherethe rotors intermesh. In ﬁgure 39 (b) the complexstructures of the vortices can be seen.
4. SUMMARY
High-order accurate Computational Fluid Dynamicssimulations have been carried out for several multi-rotor vehicles. NASA’s supercomputers Pleiades and
(a) Velocity magnitude.
(b) Q-criterion.
Figure 39: Side-by-side intermeshing rotors. Figure(a) shows the velocity magnitude. Figure (b) showsthe Q-criterion iso-surfaces colored by the vorticitymagnitude.
Electra were essential for this work as the oversetgrids have hundred of millions of grid points.First, a complete study of the DJI Phantom 3 andits variants in hover has been carried out. Betterdesigns of blades generate more thrust more eﬃ-ciently. The effects of over- and under-mounting therotors have been studied, concluding that under-mounting the rotors reduces the thrust and pro-duces stronger pressure ﬂuctuations. An octorotorincreases the thrust but also the power requiredto ﬂy it. Components may reduce the interactionsamong the rotors but the airframe download in-creases. Therefore they should be placed carefullyin order to reduce the download force. Simulationsof wind gusts have shown that a dissymetry in ro-tor thrust produces a pitching moment that will un-stabilize the quadcopter. The effect is stronger forhigher wind gust speeds.The SUI Endurance simulations in forward ﬂighthave thrown insight on better designs during cruise:under-mounting the fore rotors and over-mountingthe aft rotors improves the aerodynamic eﬃciencyof the vehicle, by reducing the interactions betweenthe fore and aft rotors. The so called hybrid SUI in-creases the forward horizontal force by 63% com-pared to the standard SUI.The aerodynamic analysis of the Elytron 4S UAV
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shows the complicated juncture ﬂows and vorticesdue to the multiple components. Wingtip vorticesfor small angles of attack are relatively weak, butthey get stronger as the angle of attack increases.Vortex shedding is seen underneath the fuselagefor AoA = 0 and on top of the fuselage for AoA = 10.With a static fan inside the hole, the air ﬂow is par-tially blocked through the hole, but it still introducespressure ﬂuctuations. In VTOL out of ground effect,the nose fan rotates at maximum velocity, produc-ing high-frequency pressure ﬂuctuations. The nosefan is used for pitch control, and BVI can be ob-served for the propeller blades.Finally, NASA’s new concepts for UAM have beenintroduced. These concept vehicles are expected tofocus and guide NASA research activities in supportof aircraft development for emerging aviation mar-kets, in particular VTOL air taxi operations. Prelimi-nary results for the side-by-side conﬁguration havebeen presented.
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